Trypt-H3 3000 1.00 6.5 B * Other AA-sRNA data have been described.5 t Amino acids stated were labeled with C14 with the exception of Httryptophan, and H3-glycine.
I E. coli W3100 is a K12 strain. Aminoacyl sRNA synthetase preparations were from E. coli W3100. § We thank Dr. Charles Yanofsky for this E. coli strain and Dr. Ray Byrne for the H'-Gly-sRNA. A-23 sRNA and 100,000 X g supernatant fractions were used for the preparation of H'-Gly-sRNA. b Trinucleotide contained a small amount (ca. 2%) of an unidentified contaminant. In every case, the chrortiatographic characteristics of the impurity in solvent systems A and B precluded the possibility of it being an oligonucleotide of chain-length greater than two base residues.
c The digestion mixture contained another component, 3-5% of the total nucleotide content; the electrophoretic mobility and UV spectrum of this component corresponded in each case to unreacted or partially digested oligonucleotide.
d As "c" above, except that here the contaminant was only 1-3% of the total nucleotidic material. c Trinucleotide was synthesized directly from adenosine, by addition of two cytidylic acid moieties. f Trinucleotide contained 5-10% of a contaminant which did not migrate in solvent A, but which ran with GpGpU in solvent B. The T-2 digestion mixture contained 8%, and the venom digestion mixture 14%, of undigested material; this was possibly due to aggregation of the trinucleotide.
a Trinucleotide contained 10% of pC; the base ratio of the venom digestion was adjusted accordingly.
primer-requiring polynucleotide phosphorylase and a nucleoside 5'-pyrophosphate,12 or a derivative of bovine pancreatic ribonuclease with a nucleoside 2',3'-cyclic phosphate" (Table 2 ). The products were isolated by paper chromatography and electrophoresis, as previously described '-4 12 and the purity of each preparation was assessed by two-dimensional chromatography of an aliquot (2.0 A260 units) on Whatman no. 40 paper. The first dimension (solvent A) was n-propanol/ammonia/water, 55/10/35; the second dimension (solvent B) was 0.10 M sodium phosphate, pH 7.0, containing ammonium sulfate (0.4 gm/ml). Chain-length and base composition (Table 2) were determined by digestion of 2.5 Am units of each trinucleotide with T-2 ribonuclease and 2.5 A260 units with venom phosphodiesterase, as previously described. 4 12 Results and Discussion.-In Table 3 are shown the effects of 26 trinucleotides upon the binding to E. coli ribosomes of 19 C14-AA-sRNA preparations, each acylated with a different C14-amino acid (C14-Cys-sRNA not used). In addition, near the bottom of the table are shown the effects of 18 trinucleotides previously describedl-5 upon the corresponding C'4-AA-sRNA (C'4-Cys-sRNA and UpGpU omitted). Many of these trinucleotides have not been isolated or synthesized previously.
Several factors should be mentioned which may be useful in assessing the data. (a) It is often difficult to compare directly the response of one C14-AA-sRNA preparation to a template with that of another, for Kaji and Kajil3 have shown that both deacylated and acylated sRNA bind to ribosomes in response to polynucleotide templates. The extent of acylation of each C'4-AA-sRNA preparation must be considered (see Methods Most trinucleotides markedly stimulated the binding to ribosomes of only one C'4-AA-sRNA preparation; however, a number of trinucleotides displayed lower template specificity for C14-AA-sRNA. For example, ApCpU, ApCpC, and ApCpG stimulated C"4-Thr-sRNA binding to ribosomes, but did not significantly stimulate the binding of 18 other C14-AA-sRNA preparations. ApCpA also stimulated C"4-Thr-sRNA binding. This trinucleotide also stimulated C14-Lys-sRNA binding. However, the template activity of ApCpA for C'4-Lys-sRNA was only 10 per cent that of ApApA. The disparity between the template activity of ApCpA and ApApA was even more apparent in reactions containing limiting concentrations of trinucleotides (data not shown). Such considerations suggest that the sequences ApCpG, ApCpU, ApCpC, and ApCpA correspond to threonine codons. It is possible that the template specificity of one synonym codon may differ from that of another; however, other alternatives, such as the possibility that C'4-Lys-sRNA may respond lo an impurity in the ApCpA preparation which we have been unable to detect, also must be considered.
The data of Table 3 indicate that the sequence GpCpU corresponds to ail RNA codon for alanine; CpCpA, CpCpU, and CpCpC correspond to proline (the template activity of CpCpA for C'4-Pro-sRNA was higher than that of pCpCpC (cf. ref .
It seems clear that GpCpU serves as a codon for alanine, for this trinucleotide stimulated only the binding of C14-alanine sRNA to ribosomes. This sequence is also in accord with predictions based upon amino acid replacement data. However, the weaker response of C'4-Ala-sRNA to ApGpC, CpGpC, and UpGpC suggests that recognition of 2 out of 3 bases, the GpC portion only of the latter trinucleotides, may permit C'4-Ala-sRNA binding. Similarly, C14-Glu-sRNA responds best to GpApA, but also responds to a weaker extent to trinucleotides containing GpA, such as ApGpA, CpGpA, and UpGpA. C'4-Lys-sRNA responds best to ApApA but also recognizes ApApG,5 GpApA, ApCpA, CpApA, UpApA, and CpCpA. Additional examples in Table 3 are readily apparent. These data illdicate that one trinucleotide somnetimes can direct the attachment of a limited group of C'4-AA-sRNA species to ribosomes. It is possible that correct re- 
ApUpC
The specificity of trinucleotides in directing the binding of C14-or H3-aminoacyl-sRNA to ribosomes. Reproducible stimulations of AA-sRN A binding due to the addition of trinucleotides are bold face. For comparison, the template activities of 18 trinucleotides previously described' -6 are shown at the bottom of the table. Reactions contained the components described under Materials and Methods, the amount of C14L-AA-sRNA stated previously6 or in Table 1 , and 0.150 A260 units of trinucleotide, as specified, in a final volume of 50 IA. C'4-Asp-NH2-sRNA was cognition of 2 out of 3 bases in a trinucleotide, in or out of phase, or 2 bases in 1 trinucleotide and 1 base in an adjacent trinucleotide, often may suffice during protein synthesis. This striking phenomenon is often observed with trinucleotides containing 2 or 3 purines. Since the stability of codon-ribosome-AA-sRNA complexes may partially depend upon interactions between bases in codons and sRNA, the affinity of sRNA for a ribosome may be greater when each base in a codon is recognized correctly and in proper phase than when codon recognition is only partially correct.
The activity of both ApGpU and ApGpC in stimulating binding of C14-Ser-sRNA may indicate that these sequences correspond to serine codons (in addition to UpCpU, UpCpC, and UpCpG). However, these assignments should be considered tentative. Although ApGpU and ApGpC have been proposed as asparagine codon sequences,'1 the data of Table 3 show that they do not significantly affect the binding of C'4-Asp-NH2-sRNA under the conditions employed. We have previously reported that ApApU and ApApC stimulate binding of Asp-NH2-sRNA with high specificity.5
ApGpA slightly stimulated the binding of both C14-Arg-and C'4-Glu-sRNA. The sequence ApGpA was predicted for arginine on the basis of codon sequence data obtained earlier and amino acid replacement data reported by Yanofsky f sRNA may contain some C14-Asp-sRNA.
co-workers.'4 The recognition of one triplet by sRNA corresponding to several amino acids again suggests partial codon recognition. Such observations should be considered in terms of in vivo studies, particularly those related to extragenic suppression. Possible Base Sequences of Nonsense Codons.-Since nonsense codons may perform special functions in protein synthesis, we have been particularly interested in a small group of trinucleotides, UpApA, UpApG, UpGpA, CpUpU, CpUpC, and ApGpA, which either have little template activity, or have slight activity for two or more C14-AA-sRNA. The possibility that CpUpU or CpUpC may serve as internal, but not as terminal, codons for leucine has been discussed previously.4
The striking results of Sarabhai, Stretton, Brenner, and Bolle'6 indicate that certain codons in "amber" mutants of T4 phage may correspond to an amino acid in certain strains of E. coli but may specify the terminus of a protein in other E. coli strains. Further analysis of mutant phages and amino acid replacement data have led Brenner and co-workers to suggest that UpApG or UpApA may specify the end of a polypeptide chain in some E. coli strains and serine in an additional strain which contains a suppressor gene.' Weigert and Garen also have found that mutations which lead to the formation of nonsense codons in the alkaline phosphatase gene can be related to amino acid substitutions at sites corresponding to nonsense codons only if the base composition of the nonsense codon is (UAG). '8 This codon also corresponds to serine in a strain containing an appropriate suppressor gene.
We find that the sequences UpApG and UpApA have almost no template activity for C'4-amino acids under the conditions employed (only very small stimulation of C'4-Asp-NH2-and C'4-Lys-sRNA binding was observed). These data are in full accord with the conclusions of Brenner and of Garen and their co-workers. In addition the sequences found for glutamine codons were CpApG and CpApA; the sequences found for serine codons were UpCpG, UpCpU, UpCpC, ApGpU, and ApGpC (UpCpA also predicted). These sequences demonstrate structural relationships between Terminator-, Glu-NH2-, and Ser-codons and suggest mechanisms for alternate codon recognition in different strains of E. coli.
The General Nature of the Code.-Thus far, the template functions of 45 of the 64 trinucleotide sequences have been investigated in this system. A summary of the data and additional codon sequences which can be predicted from amino acid replacement data reported for E. coli'4 and TMV mutants,"9 20 are shown in Table 4 . Almost all of our earlier predictions were confirmed when the appropriate trinucleotide was tested.2-5 Nevertheless, the summary shown in Table 4 should not be thought of as an invariant codon dictionary, since it is clear that codon recogiiitlion can be modified.
Previous studies with randomly ordered polynucleotides and cell-free protein synthesizing systems showed that synonym codons often differ in composition by only one base.22' 23 This suggested that bases common to synonym codons occupy identical positions and, that either 2 out of 3 bases in a triplet sometimes may be recognized, or a base may be recognized correctly in 2 or more ways.21' 24 On the Tsugita.20 basis of such data Woese suggested a code in which A, C, G and U are independently recognized at one position in the triplet, C = U at a second position, and A = C and G = U at a third position.25 A modification was suggested by Eck in which U = C and A = G at an unspecified position in a triplet. 26 We have previously shown that each member of a trinucleotide pair with 3'-terminal pyrimidines, such as XpYpU and XpYpC, corresponds to the same amino acid,4' and each member of a codon pair with 3'-terminal purines, ApApA and ApApG, corresponds to lysine.5
Several generalizations can be made concerning the nature of the code. (a) Amino acids, which are structurally or metabolically related (such as synthesized in vivo from a common precursor) often have similar RNA codons. Such relationships would appear to reflect either the evolution of the code24 or direct interactions between amino acids and bases in codons. 27 These patterns apparently define the characteristics of several general recognition mechanisms. Although the molecular mechanisms which permit one codon to be distinguished from another are unknown, the pairing of bases in mRNA with bases in sRNA is an obvious one to consider. Enzymic modification of bases in certain doublet or triplet sequences in sRNA might affect codon recognition, as proposed by Ames and Hartman,29 and also explain patterns of synonym codons sets. Interconversion of C and U (C ;± U) in an sRNA "anticodon" might result in a G = A pattern in mRNA codons and interconversion of A and I (A ±2 I) in a U = C pattern in mRNA codons. However, the possibility of alternate acceptable base pairing is raised by observations which indicate that one molecule of Phe-sRNA may recognize both UpUpU and UpUpC.4
The nucleotide sequence found for an alanine codon (GpCpU found, GpCpC, GpCpA, and GpCpG predicted), together with the nucleotide sequence of an alanine sRNA isolated from yeast, reported by 
